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Antennal lobePrecise neuronal connectivity in the nervous system depends on speciﬁc axonal and dendritic targeting of
individual neurons. In the Drosophila brain, olfactory projection neurons convey odor information from the
antennal lobe to higher order brain centers such as the mushroom body and the lateral horn. Here, we show
that Homothorax (Hth), a TALE-class homeodomain transcription factor, is expressed in many of the antennal
lobe neurons including projection neurons and local interneurons. In addition, HTH is expressed in the
progenitors of the olfactory projection neurons, and the activity of hth is required for the generation of the
lateral but not for the anterodorsal and ventral lineages. MARCM analyses show that the hth is essential for
correct dendritic targeting of projection neurons in the antennal lobe. Moreover, the activity of hth is required
for axonal fasciculation, correct routing and terminal branching of the projection neurons. We also show that
another TALE-class homeodomain protein, Extradenticle (Exd), is required for the dendritic and axonal
development of projection neurons. Mutation of exd causes projection neuron defects that are reminiscent of
the phenotypes caused by the loss of the hth activity. Double immunostaining experiments show that Hth and
Exd are coexpressed in olfactory projection neurons and their progenitors, and that the expressions of Hth and
Exd require the activity of each other gene. These results thus demonstrate the functional importance of the
TALE-class homeodomain proteins in cell-type speciﬁcation and precise wiring of the Drosophila olfactory
network.c.jp (K. Furukubo-Tokunaga).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The precise speciﬁcation and wiring of a large number of neurons
are crucial processes for the construction of the functional brain
network. Owing to the remarkable conservation in the organization
and connectivity with the vertebrate brain, the Drosophila olfactory
system provides an ideal model to investigate the molecular
mechanisms that underlie the wiring speciﬁcity in the nervous
system (Masse et al., 2009; Vosshall and Stocker, 2007). As in the
vertebrate olfactory system, each of the Drosophila olfactory receptor
neurons (ORNs) expresses only a single type receptor, and projects
their axons to a speciﬁc olfactory glomerulus in the antennal lobe
(AL), the ﬁrst order relay station of olfactory information in the ﬂy
brain. The Drosophila AL consists of only ~50 glomeruli, which can be
identiﬁed by their location and shape (Laissue et al., 1999). Each of the
glomeruli is contributed by the neuronal processes of four cell types:
the axonal terminals of ORNs, the dendritic processes of projectionneurons (PNs), multi-glomerular processes of local interneurons, and
glia processes ensheathing the glomeruli (Jhaveri et al., 2000; Lai et al.,
2008; Laissue et al., 1999; Stocker et al., 1990). Axons of ~50 classes of
ORNs and dendrites of ~50 classes of PNs thus converge to form
speciﬁc connectivity in each of the AL glomeruli (Couto et al., 2005;
Fishilevich and Vosshall, 2005; Laissue et al., 1999). The PN axons
convey olfactory information from the AL to higher brain centers by
targeting stereotypic locations in the mushroom body (MB) and the
lateral horn (LH) (Jefferis et al., 2007; Lin et al., 2007; Marin et al.,
2002; Wong et al., 2002).
Speciﬁc glomerular targeting of ORNs and PNs proceeds in multi-
step processes. Before the arrival of ORNs at the developing AL,
neuronal processes of PNs independently form a prototypic map by
selective dendritic arborization, based on information cues external
to the ALs (Jefferis et al., 2001). The speciﬁcation of individual PN
types is therefore thought to be controlled by intrinsic programs
that, in turn, regulate the expression of different cell surface
molecules on different PNs to instruct dendritic and axonal
targeting speciﬁcity (Hong et al., 2009; Komiyama et al., 2007;
Zhu and Luo, 2004; Zhu et al., 2006a). Accordingly, PNs are pre-
speciﬁed by lineage and birth order to form synaptic connections
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ﬁnger protein, Chinmo, regulates the birth order-dependent wiring
of PNs, and a loss of chinmo causes early-born PNs to adopt the
targeting speciﬁcity of late-born PNs within the same cell lineage
(Zhu et al., 2006b). In addition, several transcription factors have
been identiﬁed that control the dendritic connectivity of the
Drosophila olfactory PNs (Komiyama and Luo, 2007; Komiyama et
al., 2003; Spletter et al., 2007).
Homothorax (hth) and extradenticle (exd) were originally identi-
ﬁed as mutations that cause homeotic transformation of speciﬁc body
segments inDrosophilawithout altering the expression patterns of the
homeotic genes themselves (reviewed in Mann and Affolter, 1998;
Mann et al., 2009; Moens and Selleri, 2006). Along with their
vertebrate homologs, Meis/Prep and Pbx proteins, Hth and Exd
comprise the PBC subclass of the TALE (Three Amino Acid Loop
Extension) homeodomain proteins based on the presence of the
conserved PBC motif N-terminal to the homeodomain. Hth and Exd
form a heterocomplex to regulate developmental and DNA binding
speciﬁcity of homeotic proteins. Nuclear localization and/or stability
of the two proteins often depends on the Hth/Exd protein–protein
interaction, making them obligate partners that work together as a
functional complex regulating a number of downstream target genes.
Furthermore, Hth/Meis/Prep and Exd/Pbx function as partners for a
variety of transcription factors other than the homeotic proteins
(Mann and Affolter, 1998;Mann et al., 2009;Moens and Selleri, 2006).
In addition tometameric development, hth and exd are required for
the development of neuronal tissues such as the ventral nerve cord
(Aspland and White, 1997; Kurant et al., 1998; Rauskolb et al., 1993;
Rieckhof et al., 1997) and the eye (Lopes and Casares, 2010; Peng et al.,
2009; Wernet et al., 2003). Furthermore, exd and hth are required for
the development of the primary axonal scaffolds in the embryonic
Drosophila brain, controlling other transcription factors, such as
orthodenticle, empty spiracles (ems) and eyeless, that are essential for
patterning the embryonic brain (Nagao et al., 2000). Recent study also
shows that hth is required for the speciﬁcation of the neuronal
subtypes in the optic lobe by regulating various targets including
Brain-speciﬁc-homeobox and N-cadherin (Hasegawa et al., 2011).
In this study, we investigated the functions of hth and exd in the
development of Drosophila olfactory PNs. We show that Hth and Exd
are coexpressed in many of the AL neurons including postmitotic PN
and their progenitor cells. Mutations of hth cause marked dendritic
targeting defects of olfactory PNs with concomitant axonal fascicu-
lation and targeting defects. In the olfactory PNs, Hth is co-expressed
with Exd, and loss of exd activity phenocopies the dendritic and
axonal defects caused by loss of hth activity. Moreover, expressions of
Hth and Exd depend on the activity of each other gene in both
developing and mature PNs. These results demonstrate the impor-
tance of the evolutionary conserved TALE-class homeodomain pro-
teins in cell-type speciﬁcation and wiring in the olfactory network of
the ﬂy brain.
Materials and methods
Fly stocks
Three hth alleles were used: hthP2, hthP1-K6-1 and hthP1-Δ15-3
(Kurant et al., 1998). hthP2 is a lethal P-element insertion allele while
hthP1-K6-1 and hthP1-Δ15-3 are lethal excision alleles (Kurant et al.,
1998). No protein expression was detected for hthP2 and hthP1-K6-1
while weak signals were detected for hthP1-Δ15-3 presumably due to its
truncated product (data not shown). exd1 also is a protein null allele
with strong phenotypes (Rauskolb et al., 1993). In addition, following
Drosophila strains were used: UAS-En-Hth (Inbal et al., 2001), acj66
(Ayer and Carlson, 1991), and lolaore76 (Spletter et al., 2007). UAS-hth
(Pai et al., 1998) was used for rescue and overexpression experiments.
GH146-GAL4 (Stocker et al., 1997) and MZ19-GAL4 (Ito et al., 1998)were used for the visualization of PNs. A ubiquitous driver, tubP-GAL4
(Lichtneckert et al., 2008), and a pan neural driver, elavc155-GAL4 (Lin
and Goodman, 1994), were also used to visualize clones in some of the
experiments. MZ699 (Ito et al., 1997) and GH298 (Stocker et al., 1997)
were used to label ventral PNs and AL local interneurons, respectively.
Unless otherwise noted, ﬂies were raised at 25 °C.
MARCM mosaic analysis
Clones were generated using Mosaic Analysis with a Repressive
Cell Marker (MARCM) method (Lee and Luo, 1999).
The following genotypes were examined for loss-of-function
(LOF), overexpression and rescue analyses using GH146-GAL4: (1)
Wild type: hs-FLP UAS-mCD8::GFP; GH146-GAL4/+; FRT82B GAL80/
FRT82B. (2) hth LOF: hs-FLP UAS-mCD8::GFP; GH146-GAL4/+; FRT82B
GAL80/FRT82B hth. (3) hth overexpression: hs-FLP UAS-mCD8::GFP;
GH146-GAL4/UAS-hth; FRT82B GAL80/FRT82B. (4) hth rescue: hs-FLP
UAS-mCD8::GFP; GH146-GAL4/UAS-hth; FRT82B GAL80/FRT82B hthP2.
(5) acj6 LOF: acj66FRT19A/FRT19A GAL80 hs-FLP; FRTG13 GH146-GAL4
UAS-mCD8::GFP/UAS-mCD8::GFP. (6) lola LOF: hs-FLP UAS-mCD8::GFP/
+; FRT42D lolaore76GH146-GAL4 UAS-mCD8::GFP/FRT42D GAL80. (7)
exd LOF: FRT19A exd1/FRT19A GAL80 hs-FLP; FRTG13 GH146-GAL4 UAS-
mCD8::GFP/+. Egg collection was performed for 6 h on standard food.
For the induction of mitotic recombination, newly hatched larvae
were heat shocked at 37 °C for 1–1.5 h at 24 h after the end of egg
collection.
The following genotypes were examined for LOF analyses using
MZ19-GAL4: (1) Wild type: yw, hs-FLP, UAS-mCD8::GFP; MZ19-GAL4,
UAS-mCD8::GFP/+; FRT82B GAL80/FRT82B. (2) hth LOF: yw, hs-FLP,
UAS-mCD8::GFP; MZ19-GAL4, UAS-mCD8::GFP/+; FRT82B GAL80/
FRT82B hthP1-K6-1. Egg collection was performed for 24 h on standard
food. For the induction of mitotic recombination, larvae were heat
shocked at 37 °C for 1 h at 48 h after egg collection.
The following genotypes were examined for hth or p35 rescue
using tubP-GAL4: (1) Wild type: hs-FLP; tubP-GAL4, UAS-mCD8::GFP/
+; FRT82B GAL80/FRT82B. (2) hth LOF, hs-FLP; tubP-GAL4, UAS-mCD8::
GFP/+; FRT82B GAL80/FRT82B hthP1-K6-1. (3) hth rescue: hs-FLP; tubP-
GAL4, UAS-mCD8::GFP/UAS-hth; FRT82B GAL80/FRT82B hthP1-K6-1. (4)
p35 rescue: hs-FLP; tubP-GAL4, UAS-mCD8::GFP/UAS-p35; FRT82B
GAL80/FRT82B hthP1-K6-1. Egg collection was performed for 24 h on
standard food. For the induction of mitotic recombination, newly
hatched larvae were heat shocked at 37 °C for 30 min at 24 h after egg
collection.
The following genotypes were examined for hth rescue using
elavC155-GAL4: (1) Wild type: hs-FLP UAS-mCD8::GFP/+; elavC155-
GAL4 UAS-mCD8::GFP/+; FRT82B GAL80/FRT82B. (2) hth LOF, hs-FLP
UAS-mCD8::GFP/+; elavC155-GAL4 UAS-mCD8::GFP/+; FRT82B GAL80/
FRT82B hthP2. (3) hth rescue: hs-FLP UAS-mCD8::GFP/+; elavC155-GAL4
UAS-mCD8::GFP/UAS-hth; FRT82B GAL80/FRT82B hthP2. Egg collection
was performed for 6 h on standard food. For the induction of mitotic
recombination, newly hatched larvae were heat shocked at 37 °C for
1 h at 24 h after the end of egg collection.
Immunocytochemistry and confocal microscopy
Immunostaining and confocal imaging were performed as
previously described (Kurusu et al., 2002). The following antibodies
were used: mouse anti-nc82 (Wagh et al., 2006) at 1:20; rat anti-
mCD8α (Caltag) at 1:100; chick anti-GFP (Abcam) at 1:500; rabbit
anti-Hth (Kurant et al., 1998) at 1:1000; rat anti-Hth (gift from
Stephen M. Cohen) at 1:500; mouse anti-Exd (Aspland and White,
1997) at 1:5; mouse anti-Acj6 (Certel et al., 2000) at 1:5, rabbit anti-
Lola (common region) at 1:50 (Spletter et al., 2007), rat anti-Ems
(U. W. unpublished) at 1:20, and rabbit anti-Miranda (Ikeshima-
Kataoka et al., 1997) at 1:200. Alexa-546, 633 or 433-conjugated
secondary antibodies (Jackson ImmunoResearch) were used at dilution
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processed with Adobe-Photoshop.
Results
Hth is expressed in AL neurons
Previous studies demonstrated that the Hth protein is expressed
in several cell clusters in the developing deuto- and tritocerebrums
that pioneer the axonal tract between the AL and the dorsal brain
regions (Nagao et al., 2000). To extend this observation intoALM
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and the adult brains, and found that Hth was expressed in many of
the cells that surround the AL (Fig. 1). Expression analysis using an
AL driver, GH146-GAL4 (Stocker et al., 1997), which is expressed in
~60% of the olfactory PNs (Jefferis et al., 2001), conﬁrmed that Hth
was expressed in the antero dorsal (ad) and the lateral PNs
(Figs. 1A–G), the two major olfactory PN lineages in the Drosophila
brain (Jefferis et al., 2001; Lai et al., 2008; Marin et al., 2002). In the
lateral lineage, Hth was also expressed in the GH298-positive
interneurons (Fig. 1N and P; summary diagram in Fig. 1Q).
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Table 2
Rescue of the hth mutant lateral NB clones with p35.
WT hthP1-K6-1 hthP1-K6-1; UAS-
p35
Anterodorsal 18 (6.3%) 15 (13%) 9 (7.7%)
Lateral 15 (5.2%) 0 (0%) 6 (5.1%)
Total 288 114 117
AL-NB clones were induced at the 1st instar stage using tubP-GAL4, and analyzed at the
late third instar stage. Ventral clones were not included from the analysis because of the
difﬁculty in unequivocal identiﬁcation at the larval stage.
125M. Ando et al. / Developmental Biology 358 (2011) 122–136ventral cells that in part overlapped with the GH146-positive PNs
(Fig. 1G; summary diagram in Fig. 1Q). These ventral Hth neurons
also overlapped with a subset of the ventral PNs labeled with MZ699
in the adult brain (Figs. 1M and O). In addition to these expressions
in postmitotic AL neurons, examination of the developing larval
brain showed that Hth was expressed in the neuroblasts (NBs) of
the anterodorsal and lateral AL lineages (Fig. S1A and C).
Hth is required for the generation of the lateral NB lineage
Prompted by the expression of Hth in the anterodorsal and the
lateral AL-NBs, we examined its functions in the generation of the two
AL lineages using the MARCM technique (Lee and Luo, 1999). Wild-
type and mutant clones were induced with heat-shock in the 1st
instar stage using tubP-GAL4, a ubiquitous driver, in conjunction with
a membrane-targeted mCD8::GFP reporter. Whereas the heat-shock
scheme generated NB clones of the three olfactory lineages for wild
type, only the anterodorsal and the ventral NB clones were recovered
for hthP1-K6-1, a protein null allele (Kurant et al., 1998) (Table 1).
Moreover, expression of UAS-hth in the hthP1-K6-1 mutant background
restored the recovery of the lateral NB clones, suggesting that hthwas
essential for the generation of the lateral lineage. To determine
whether the loss of the lateral NB lineage was caused by apoptosis, we
induced expression of a pan-caspase inhibitor, p35, in hthP1-K6-1
mutant background. Intriguingly, blocking of cell death in the mutant
background resulted in recovery of lateral NB clones in the developing
brain at an efﬁcacy comparable to the wild type (Table 2), suggesting
that the loss of lateral NB lineage in hth mutant was caused by
apoptosis.
The result that hth was essential for the generation of the lateral
lineage is reminiscent of the proliferation phenotype of ems AL clones
(Lichtneckert et al., 2008). Ems is transiently expressed in the
progenitors of the anterodorsal and the lateral lineages at the larval
stages, and its expression is essential for the generation of the lateral
but not the ad-NB clones (Lichtneckert et al., 2008). To determine
whether hth is required for the expression of ems, we analyzed Ems
expression in the hth mutant clones at the larval stage. Despite that
Hth was expressed in both the anterodorsal and the lateral pro-
genitors at the corresponding stage (Figs. S1A and C), the expression
of Ems in the ad-NB was not altered by the loss of the hth activity
(Fig. S1B). Moreover, Ems was detected in the lateral NBs of the
hthP1-K6-1 mutant clones rescued with p35 (Fig. S1D). These results
thus suggest that, although hth and ems are similarly required for
the generation of the lateral AL lineage, hth does not regulate ems
expression in both the anterodorsal and the lateral lineages.
Loss of hth suppresses GH146 expression in a subset of olfactory PNs
The results that Hth was expressed not only in the progenitors
but also in many of the postmitotic PNs suggested that Hth might
have important functions in the speciﬁcation of olfactory PNs. To
investigate hth functions in the differentiation of the olfactory PNs,
we then generated hthP1-K6-1 mutant clones using the olfactory PN
driver GH146. While only the lateral mutant lineage was missingTable 1
Recovery of hth mutant AL-NB clones.
WT hthP1-K6-1 hthP1-K6-1; UAS-
hth
Anterodorsal 19 (9.3%) 8 (13%) 3 (4.4%)
Lateral 23 (11%) 0 (0%) 15 (22%)
Ventral 15 (7.4%) 10 (17%) 8 (12%)
Total 204 60 68
AL-NB clones were induced at the 1st instar stage using tubP-GAL4 and examined at the
adult stage.with the ubiquitous driver tubP-GAL4 (Table 1), both the lateral and
the ventral NB clones were missing with the GH146-GAL4 driver
(Table 3). In addition, this driver resulted in anterodorsal PN–NB
clones with markedly reduced sizes; the numbers of the GH146-
labeled cells were signiﬁcantly reduced at the adult stage in the
hthP1-K6-1 (8.0±0.7, n=8) and hthP1-Δ15-3 (10.8±3.4, n=8) clones,
compared to the wild clones (26.6±1.3, n=9, pb0.001).
Although both the reduction in the cell numbers of the mutant ad-
PN clones and the failure of the recovery of the ventral hth mutant
cloneswith the GH146 driver could be caused by a proliferation defect,
it was also plausible that the loss of the hth activity suppressed the
expression of the GH146-GAL4 driver in the anterodorsal and the
ventral PNs. Contrary to the apparent reduction in the numbers of
GFP-labeled PNs, neither hthP1-K6-1 nor hthP1-Δ15-3 ad-PN mutant
clones affected the overall AL size, with most of the glomeruli,
including those innervated by the ad-PNs, remaining identiﬁable (see
Fig. 2C). Moreover, no reduction in the numbers of labeled cells was
detected at the adult stage for another allele, hthP2 (25.1±1.2, n=14,
compared to the wild clones, 26.6±1.3, n=9), though this allele
exhibited a signiﬁcant reduction in the numbers of the labeled cells at
the mid-pupal stage (11.5±2.4 cells, n=8, 50 h after puparium
formation (APF)), compared to wild type at the corresponding stage
(28.7±0.9 cells, n=7, pb0.001, 50 h APF).
In order to clarify the effect of hthmutations on the proliferation of
the anterodorsal and the ventral PNs, we examined exact cell numbers
using the ubiquitous driver tubP-GAL4. No signiﬁcant reduction was
observed even for the hthP1-K6-1 mutation both at the adult stage
(hthP1-K6-1, 53.7±2.0, n=18, compared to wild type, 50.8±1.5,
n=14) and at the mid-pupal stage (50 h APF) (hthP1-K6-1, 51.0±2.0,
n=9, compared to wild type, 51.9±1.3, n=11). Moreover, no
reduction was observed for the ventral hth clones as well (hthP1-K6-1,
45.3±1.9, n=8, compared towild type, 43.8±1.5, n=10, at the adult
stage). These results thus suggest that hth is not necessary for the
generation of the correct number of cells in both the anterodorsal and
the ventral lineages. Rather, it is more likely that hth regulates the
expression of the GH146-GAL4 driver in a subset of the anterodorsal
and the ventral PNs.
Loss of hth causes dendritic targeting defects
Although hthP2 clones exhibited reduced numbers of GH146-
labeled ad-PNs at the mid pupal stage, the result that the correct
number of ad-PN labeling was resumed at the adult stage allowed usTable 3
Recovery of hth and exd mutant NB clones with GH146.
WT hthP1-K6-1 hthP1-Δ15-3 hthP2 exd1
Anterodorsal 38 (7.1%) 9 (13%) 16 (13%) 108 (12%) 19 (9.7%)
Lateral 24 (4.5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Ventral 18 (3.4%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Total 533 70 126 924 196
AL-NB clones were induced at the 1st instar stage using the GH146-GAL4 driver and
examined at the adult stage.
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olfactory PNs using this allele. For this aim, we focused on the ad-PNs,
which is one of the two major olfactory PN groups and the only hth
mutant PNs identiﬁable with the GH146-GAL4 diver (Table 3). For a
systematic evaluation of the dendritic defects of the ad-PNs, we
focused on 13 landmark glomeruli. In the wild type, nine of the
landmark glomeruli (VA1d, VA1lm, VA3, VM2, DM6, D, DC3, DL1, and
VM7) are innervated by the GH146 ad-PNs, whereas four glomeruli
(VA2, DA1, DM5, DM2) are never or rarely innervated by the GH146
ad-PNs (Figs. 2A, D and E). Instead, they are innervated either by the
embryonic (VA2) or by the lateral PNs (Jefferis et al., 2001; Komiyama
et al., 2003).
We also excludedmutant ALs of reduced sizes that were recovered
along with the samples of the normal AL size. Histochemical
examination with an anti-Hth antibody revealed loss of a large
group of lateral AL neurons for the reduced ALs (Figs. S2A–C),
suggesting dual induction of hth mutant clones to both the
anterodorsal and the lateral AL lineages. Many of the lateral-type
glomeruli, such as DM5 and DA1, were missing in the reduced ALs
accordingly.
In contrast to distinctive dendritic targeting by the wild-type
clones (Fig. 2A), hthP2 ad-NB clones exhibited reduced or loss of
targeting on many of the on-target glomeruli (Fig. 2B). Marked
innervation defects were particularly evident for VA1lm, VA3, and D
(Fig. 2F). Furthermore, hthP2 ad-NB clones exhibited ectopic innerva-
tion in the off-target landmark glomeruli (Fig. 2G). A previous study
(Zhu and Luo, 2004) suggested that N-cadherin is essential for
olfactory PNs to restrict their dendrites in the AL. However, no
alteration in the expression of N-Cadherin was found in the hthP2 ad-
NB clones (Figs. S2D–F).
To further examine the functions of hth in dendritic targeting, we
also examined hthP1-K6-1 NB clones, and found that, consistent with
the reduced numbers of the labeled cells, hthP1-K6-1 PN clones showed
more prominent under-innervation than the hthP2 clones in many of
the on-target glomeruli (Figs. 2C and H). On the other hand, despite
under-labeling of the GH146 ad-PNs, hthP1-K6-1 PN clones exhibited
ectopic innervation in DA1 (white arrows in Figs. 2C1 and C2;
quantiﬁcation in Fig. 2I), conﬁrming hth functions in the restriction of
dendritic targeting of the olfactory PNs. Similar results were obtained
with hthP1-Δ15-3 PN clones (data not shown).
Although the innervation defects of the mutant ad-NB clones
suggested functional signiﬁcance of hth in precise dendritic targeting,
it was difﬁcult to determine whether the apparent dendritic input in a
given glomerulus was contributed by normal or ectopic targeting
because of mixed innervation by multiple mutant PNs involved in the
NB clones. This was particularly the case with irregularly or partially
innervated glomeruli such as DL1, VA1d and DC3. In order to analyze
PN targeting at a higher resolution, we examined single-cell clones,
which represented post-mitotic neurons. While the wild-type single-
cell clones induced at the early 1st instar always innervated DL1
(Figs. 3A and D) (Jefferis et al., 2001; Komiyama et al., 2003), the
majority of the hthP2 single-cell clones failed to innervate the target
glomeruli (Figs. 3B and D). Instead, all of the hthP2 single-cell clonesFig. 2. Dendritic targeting defects of hth ad-NB clones. (A1–C3) Dendritic targeting phenoty
(A1, B1, C1), middle (A2, B2, C2) and posterior (A3, B3, C3) parts of AL. Clones were induced b
Neuropil was visualized with anti-nc82 (magenta). VA1d, VA1lm, VA3, VM2, DM6, D, DC3, DL
(yellow letters). VA2 glomerulus (white letters in A1) is innervated by ad-PNs born in the
(white letters in A1–A3) are glomeruli normally innervated by lateral, but not ad-PNs. Yell
innervation (VA1lm, VA3 and DL1 glomeruli) in hthP2 ad-NB clones. White arrows in B1–B3 in
glomeruli (VA2) in hthP2 ad-NB clones. The dendritic targeting by hthP1-K6-1 ad-NB clones to t
or no innervation (VA1lm, VA3, VM2, DL1 and VM7 glomeruli) (yellow arrows in C1–C3). hth
(white arrows in C1 and C2). The right side of the brain is shown. Medial is to the left and dor
glomeruli. For each sample, the extent of innervation in the target glomeruli was examined an
of dendritic innervation in off-target glomeruli. Extent of innervation in the non-target glome
shown in the ﬁgure.innervated nearby ectopic glomeruli, such as DC3, which were never
innervated by the wild-type clones (Figs. 3B and E). These results
were also conﬁrmed with the hthP1-K6-1 single-cell clones (Figs. 3C, D
and E).
To further analyze the functions of hth in dendritic targeting, we
utilized another PN driver, MZ19 (Ito et al., 1998), which labels only
two types of ad-PNs that innervate either VA1d or DC3 along with a
lateral PN that innervates DA1 (Jefferis et al., 2004). While wild-type
MZ19 single-cell clones innervated either VA1d or DC3 (Figs. 3F and
H), hthP1-K6-1 mutant ad-PNs failed to innervate these target
glomeruli and exhibited ectopic innervation in nearby glomeruli
(Figs. 3G, I–K). Furthermore, we recovered post-mitotic single-cell
clones of the lateral DA1-type PN, and found dendritic mistargeting
by the mutant DA1-type PN (Figs. 3L–O). These results thus suggest
that hth is required for correct targeting of both anterodorsal and
lateral PNs such as DA1-type PN. The recovery of the lateral DA1-
type PN also implies that, although hth is required for the generation
of the lateral lineage, it is not required for the survival of postmitotic
lateral neurons at least for the DA1-type PN once they are generated.Loss of hth causes axonal defects
In addition to the glomerular targeting defects, mutations of hth
caused severe defects in axonal patterns. The axons of wild-type
PNs were bundled in a single fascicle and exhibited a stereotype
projection that targets the LH via the MB calyx (Fig. 4A). In
contrast, both the hthP2 and hthP1-K6-1 clones exhibited marked
defasciculation of their axons (Figs. 4B–D). Expression of Fasciclin
II (Fas II), a cell adhesion molecule important for axonal
fasciculation (Kurusu et al., 2002; Lin et al., 1994), was detected
only faintly on the mutant axons (Figs. S2G and H). Axonal routing
via the MB calyx was perturbed in many of the mutant clones
(Fig. 4E). Moreover, although most hth mutant axons still
converged in the LH, aberrant extensions in the ventrolateral
brain (arrowhead in Figs. 4B, and C) were induced for the majority
of the hthP2 and hthP1-K6-1 mutant clones (Fig. 4F). Similar results
were obtained with hthP1-Δ15-3 PN clones (data not shown).
In contrast to the NB clones, single-cell clones of the hth mutants
exhibited wild type-like axonal targeting (Figs. 4G–J) with normal
number of boutons on the MB calyx (Fig. 4K). However, consistent
with the loss of DL1 innervation, they exhibited altered branching
pattern in the LH region (arrows in Figs. 4H and I) and increase in the
numbers of the terminal branches (Fig. 4L). Similar alteration in PN
identity was observed for the single-clones of the lateral PN lineage
labeled withMZ19-GAL4 (Figs. 4M–Q). While retaining wild type-like
axonal targeting via the MB calyx, the mutant DA1-type PNs exhibited
alterations in the terminal branching patterns with a signiﬁcant
increase in the maximum branch length (Fig. 4Q). The numbers of the
boutons in the MB calyx were also altered (Fig. 4P).
These data demonstrate that, in addition to its functions in
dendritic targeting, hth is required for the normal fasciculation and
targeting of the olfactory PN axons.pes of wild-type (A1–A3), hthP2 (B1–B3) and hthP1-K6-1 (C1–C3) ad-NB clones. Anterior
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Fig. 3. Dendritic targeting defects of hth single-cell clones. (A–C) Dendritic targeting phenotypes of wild-type (A1, A2), hthP2 (B1, B2) and hthP1-K6-1 (C1, C2) DL1 single-cell clones.
Clones were induced by early 1st instar heat shock and labeledwith UAS-mCD8::GFP driven by GH146 (green). Optical sections of anterior (A1, B1, C1) and posterior (A2, B2, C2) parts
of AL. Yellow dot circles show the DL1 glomeruli. Only DL1 was innervated by the wild-type single-cell clone (A1, A2), whereas targeting to the DL1 glomerulus was lost for the hthP2
and hthP1-K6-1 single-cell clones (B1, B2, C1, C2) (yellow arrows). Instead, ectopic glomeruli, such as VA1d and DC3 (white arrows), were innervated. (D) Quantiﬁcation of dendritic
phenotypes of DL1 single-cell clones. DL1 innervation was classiﬁed for each sample to four classes: dense, moderate, sparse or no input. (E) Quantiﬁcation of ectopic innervation
phenotypes by DL1 single-cell clones. All the hthP2 and hthP1-K6-1 DL1 clones showed ectopic innervation in non-DL1 glomeruli. Number of samples is shown in the bar.
(F–I) Dendritic targeting phenotypes of wild-type (F, H) and hthP1-K6-1 (G, I) MZ19 anterodorsal single-cell clones. Clones were induced by heat shock at 24–48 h after larval hatch
and labeled with UAS-mCD8::GFP driven byMZ19-GAL4 (green). Yellow dot circles show VA1d and DC3 glomeruli. Only the VA1d or DC3 glomerulus was innervated by the wild-type
MZ19 anterodorsal single-cell clones, whereas targeting to the VA1d and DC3 glomerulus was either absent or residual for hthP1-K6-1 anterodorsal single-cell clones (yellow arrows).
Instead, nearby ectopic glomeruli were innervated (white arrows). (J, K) Quantiﬁcation of dendritic phenotypes ofMZ19 anterodorsal single-cell clones. Number of samples is shown
in the bar. (J) Dendritic innervations in the on-target VA1d or DC3 glomerulus. (K) Ectopic innervation by MZ19 anterodorsal single-cell clones. Note many of the hthP1-K6-1MZ19
anterodorsal single-cell clones showed aberrant innervations in off-target glomeruli. (L, M) Dendritic targeting phenotypes of wild-type (L) and hthP1-K6-1 (M) DA1 single-cell clones.
Clones were induced by heat shock at 24–48 h after larval hatch and labeledwith UAS-mCD8::GFP driven byMZ19-GAL4 (green). Yellow dot circles showDA1 glomeruli. Only the DA1
glomerulus was innervated by the wild-type MZ19 single-cell clones, whereas targeting to the DA1 glomerulus was residual for the hthP1-K6-1 single-cell clone (yellow arrow).
Instead, ectopic glomeruli were innervated (white arrow). (N, O) Quantiﬁcation of dendritic phenotypes of DA1 single-cell clones. Number of samples is shown in the bar.
(N) Dendritic innervations in the DA1 glomerulus. (O) Ectopic innervation by DA1 single-cell clones. Note all of the hthP1-K6-1 DA1 single-cell clones showed ectopic innervation in
off-target glomeruli. In A-C, F–I and L–M, optical sections of the right side of the brain are shown. Medial is to the left and dorsal is up. Neuropil was visualized with anti-nc82
(magenta). Scale bar, 20 μm.
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expression
To conﬁrm the importance of hth in PN development, we tried to
rescue the dendritic and axonal defects of hth mutant clones by
driving a UAS-hth transgene in hthP2 mutant background. We ﬁrst
used the GH146-GAL4 driver for this experiment but failed to obtain
satisfactory rescue results; only 27% of the clones driving UAS-hth(3/11) showed restoration of the normal axonal projection pattern
(Fig. S3C), with the other clones (8/11) suffering frommild to severe
axonal defects (Fig. S3D). Rescue efﬁcacy in dendritic targeting was
also variable; wild type-like innervation was restored only for a
subset of the on-target glomeruli (Figs. S3L–P). Aberrant dendritic
innervation in ectopic glomeruli was in part suppressed but still
observed for many of the off-target glomeruli (Fig. S3Q). Analysis of
single-cell clones showed that half of the clones (3/6) restored dense
129M. Ando et al. / Developmental Biology 358 (2011) 122–136or moderate DL1 targeting. Wild type-like axonal projection and LH
terminal branching were also restored in such clones (Figs. S3G and K).
Whereas Hth was expressed in most ad-PNs and their progenitor
cells, GH146-GAL4was expressed in only a subset of the post-mitotic
ad-PNs (Lai et al., 2008; Lichtneckert et al., 2008), and might not
be suitable for effective restoration of the normal dendritic and
axonal patterns in the hth mutant background. We therefore tried
to rescue hth mutant defects using elav-GAL4, a pan-neuronal driver
expressed in both pre- and postmitotic cells (Dumstrei et al., 2003;
Kurusu et al., 2002, 2009). Despite that elav-GAL4 was expressed in
all PNs, wild-type clones induced at the early 1st instar exhibited
prominent labeling of the DL2dv glomerulus (Figs. 5A and D). As in
the GH146 clones, loss of hth caused severe axonal and dendrite
defects in elav-GAL4 marked PN clones (Figs. 5B and E). Notably, hth
expression driven by the elav-GAL4 driver effectively restored wild
type-like axonal and dendritic patterns (Figs. 5C and F); the
majority of the hth ad-NB clones restored not only the normal
axonal projection pattern (Figs. 5C and G) but also the correct
dendritic targeting of the DL2dv glomerulus (Figs. 5F and H).
Aberrant innervation in the nearby DL1 glomerulus was also
suppressed by this driver (Figs. 5F and I). Thus, these results
conﬁrmed that the axonal and dendritic defects in the hth mutant
clones were indeed caused by the loss of the hth function.
Dendritic and axonal phenotypes of hth overexpression in ad-PNs
Having examined loss-of-function (LOF) phenotypes of hth, we
then examined gain-of-function (GOF) phenotypes by overexpressing
hth in the wild-type background. In contrast to the multi glomerular
defects with LOF NB clones, dendritic targeting by the GOF NB clones
was normal for most of the on-target glomeruli except for VA3 (arrow
in Fig. S4B2; quantiﬁcation in S4C). Mild ectopic innervation was
caused in DA1, one of the off-target glomeruli (Fig. S4D). On the other
hand, all the GOF single-cell clones induced at the early 1st instar
innervated the correct target DL1 (Figs. S4E–H).
The PN axons of the GOF-NB clones remained fasciculated,
correctly targeting the LH via the MB calyx (arrow in Fig. S4J).
However, the arborization patterns in the LH region were slightly
altered (Figs. S4I and J) with an increase in the number of the terminal
branches whereas the number of boutons on the MB calyx was not
affected (Figs. S4K–N). These data suggest that precise control of the
hth expression level is critical for correct dendritic targeting and
terminal branching only in a select group of PNs.
hth interacts with exd in PN development
Exd is another TALE-class homeodomain transcription factor that
acts as a cofactor of homeotic proteins (Kurant et al., 1998; Mann and
Affolter, 1998; Mann and Chan, 1996; Pai et al., 1998; Rauskolb et al.,
1993; Rieckhof et al., 1997). In the speciﬁcation of segmental identity,
Exd forms a heterocomplexwith Hth to confer regulatory speciﬁcity to
homeotic proteins (Kurant et al., 1998;Mann andAffolter, 1998;Mann
and Chan, 1996; Pai et al., 1998; Rauskolb et al., 1993; Rieckhof et al.,
1997). In addition, Exd is co-expressed with Hth in the embryonic
brain to regulate primary axonal patterning (Nagao et al., 2000).
In order to determine functional interaction between hth and exd
in PN development, we analyzed PN phenotypes of exd1 mutant
clones using GH146-GAL4 as a driver. As was the case with hth, loss of
exd resulted in the loss of the lateral lineage while recovering the ad-
PN clones at a normal efﬁcacy (Table 3). The mutation of exd1 also
caused loss of the ventral PN clones when labeled with the GH146-
GAL4 driver. Moreover, similar to hthP1-K6-1 and hthP1-Δ15-3, exd1
showed a signiﬁcant reduction in the number of the GFP labeled cells
in the GH146-driven ad-PN clones at the adult stage (4.1±0.5 per
clone, n=11, compared to the wild type, 26.6±1.3, n=9, pb0.001).The dendritic phenotype of exd1 mutant PNs was reminiscent of
the hthP1-K6-1 PNs (Fig. 6B). Because of the reduction in the number
of the GFP labeled cells, exd1 mutant clones showed severe loss of
dendritic targeting in many of the on-target glomeruli (Fig. 6C). Yet,
as with the hthP1-K6-1 and hthP1-Δ15-3 mutant clones, exd1 PN clones
exhibited ectopic innervation in DA1 (white arrows in Figs. 6B1 and
B2; quantiﬁcation in Fig. 6D). Analysis of single-cell clones
demonstrated that the majority of the exd1 clones failed to innervate
DL1, with ectopic innervation in nearby glomeruli, such as DC3
(Figs. 6E–H).
As was the case with loss of hth, loss of exd caused severe defects in
axonal fasciculation and routing (Figs. 7B–D). In addition, many of the
exd1 ad-NB clones also exhibited ectopic ventrolateral extensions
(arrowhead in Fig. 7B; quantiﬁcation in Fig. 7E). Moreover, exd1
single-cell clones showed aberrant arborization in the LH region with
signiﬁcant increase in the numbers of the terminal branches (Figs. 7F,
G and J). Although axonal routing was unaffected (Fig. 7H), the
number of boutons on the MB calyx was reduced in the exd1 single-
cell clones (Fig. 7I). This calyx phenotype was not observed in hthP2
and hthP1-K6-1 DL1 clones (Fig. 4K) but was similar to that of hthP1-K6-1
DA1 clones (Fig. 4P).
Double immunostaining using anti-Exd and anti-Hth antibody
revealed that Exd and Hth were co-expressed in the ad-PNs of both
developing and adult brains (Figs. 8A–D). Exd and Hth were also
expressed in the anterodorsal and lateral progenitors at the larval
stage (Figs. 8E and F). The expression of Exdwas abolished in the hthP2
ad-NB clones (Figs. 8G and H) and the hthP2 single-cell clones (Figs. 8K
and L). Conversely, expression of Hth was abolished in the exd1 ad-NB
clones (Figs. 8I and J) and the exd1 single-cell clones (Figs. 8M and N).
These results thus demonstrate that expressions of Hth and Exd
depend on the activity of each other gene in ad-PNs.
Loss of hth alters expression of neither acj6 nor lola
Prompted by the results that hth plays a critical role in olfactory PN
development, we examined expression of other transcription factors
that were known to be important for olfactory PN speciﬁcation. A POU
domain protein, Acj6, is one of the best-studied transcription factors
that control precise connectivity of olfactory PNs (Ayer and Carlson,
1991, 1992; Certel et al., 2000; Clyne et al., 1999; Komiyama et al.,
2003). Double immunolabeling experiments demonstrated that Hth
and Acj6 were co-expressed in most of the ad-PNs at the larval, early
pupal and adult stages (Figs. S5A–C). However, the expression of Acj6
was not altered in the hthP2 mutant clones (Fig. S5D). Conversely,
the expression of Hth was not altered in the acj66 mutant clones
(Fig. S5E). These results suggest that hth and acj6 are independently
controlled in ad-PNs.
The BTB-Zinc-ﬁnger transcriptional factor, Lola, is another tran-
scription factor required for precise dendrite and axonal targeting of
olfactory PNs (Spletter et al., 2007). Double immunolabeling exper-
iments using anti-Hth antibody and anti-Lola antibody (raised against
the common region) (Goeke et al., 2003) demonstrated that the two
proteins were co-expressed in ad-PNs at the larval, early pupal and
adult stages (Figs. S5F–H). However, the expression of Lola was not
altered in the hthP2 mutant clones (Fig. S5I), and, conversely, the
expression of Hth was not altered in the lolaore76 mutant clones (Fig.
S5J). These results thus suggest that hth and lola are independently
controlled in ad-PNs.
Discussion
Precise connectivity of neural circuits in the nervous system
depends on the generation of diverse cell types and speciﬁc wiring of
individual neurons. Temporal and spatial regulation of gene expres-
sion by transcription factors has a central role in determining axonal
and dendritic targeting speciﬁcity in the brain (Dasen and Jessell,
G I
D
L1
H
WT hth hthP2
P1-K6-1
n=9 n=9
2
4
6
8
10
4
8
12
16
20
24
****
0
n=10 n=10n=11n=11 n=10n=9n=11
0%
20%
40%
60%
80%
100%
Number of branches
          in the LH
WT hth hth
P1-K6-1P2
Routing on the MB calyx
normal defect
Number of boutons
on the MB calyx
WT hth hth
P1-K6-1P2
WT hth hth
P1-K6-1P2
0
LKJ
n=25 n=14 n=18 n=1010
20
30
40
50
60
70
80
0
2
4
6
0 0%
20%
40%
60%
80%
100%
***
*
WT hth
P1-K6-1
WT hth
P1-K6-1
WT hth
P1-K6-1
Maximum branch length
in the LH
Routing on the MB calyx
normal defect
Number of boutons
on the MB calyx
n=17 n=14
O P Q
M N
D
A
1
WT
P1-K6-1
hth
n=8 n=20 n=8
n=7 n=21 n=8 n=7 n=21 n=8
0%
20%
40%
60%
80%
100%
Axonal fasciculation
normal mild
medium
Routing on the MB calyx Ventrolateral extension
normal mild severe normal mild severe
E
severe
0%
20%
40%
60%
80%
100%
0%
20%
40%
60%
80%
100%
WT hth hth
P1-K6-1P2
WT hth hth
P1-K6-1P2
WT hth hthP2 P1-K6-1
ad
-N
B
A
D F
CB
MB
LH
WT hth hth
P1-K6-1P2
130 M. Ando et al. / Developmental Biology 358 (2011) 122–136
Fig. 4. Axonal targeting defects of hth ad-PN clones. (A–C) Axonal targeting phenotypes of wild-type (A), hthP2 (B) and hthP1-K6-1 (C) ad-NB clones in the adult brain. Clones were
induced by early 1st instar heat shock and labeled with UAS-mCD8::GFP driven by GH146 (green). Neuropil was visualized with anti-nc82 (magenta). White dot lines demarcate MB
calyx and LH.White arrows in (B) indicate spurious hthP2 axons that failed to fasciculate with the major bundle (yellow arrow). Note severe defasciculation and the detour of mutant
axons from the wild-type path. In addition, hth PNs showed ectopic extensions in the ventrolateral brain (arrowhead in B, C). (D–F) Quantiﬁcation of axonal phenotypes of ad-NB
clones. Number of samples is shown in the bar. (D) Fasciculation of PN axons. Integrity of PN fasciculation was classiﬁed to the following four classes. Normal, fasciculation in a single
bundle; mild, partially defasciculated; medium, defasciculated into several bundles; severe, complete defasciculation. Note that axons of 85% of the hthP2 and all of the hthP1-K6-1 ad-
NB clones failed normal fasciculation. (E) Axonal routing on the MB calyx. Axonal routing via the MB calyx was classiﬁed to the following three classes. Normal, all axons routing on
the calyx; mild, partial routing on the calyx; severe, complete loss of routing on the calyx. Axons of 33% of the hthP2 and all of the hthP1-K6-1 ad-NB clones detoured from the wild-type
MB path. Note that the branching patterns of the mutant clones were aberrant even though they routed on the MB calyx. (F) Ectopic extension in the ventrolateral brain was
classiﬁed in the following three classes. Normal, no axons extending ventrolaterally; mild, subsets of axons extending ventrolaterally; or severe, majority of axons extending
ventrolaterally. Note the majority of the hthP2 (20/21) and all of the hthP1-K6-1 ad-NB clones showed ectopic extensions in the ventrolateral brain. (G–I) Axonal targeting phenotypes
of wild-type (G), hthP2 (H) and hthP1-K6-1 (I) DL1 single-cell clones. Clones were induced by early 1st instar heat shock and labeled UAS-mCD8::GFP driven by GH146 (green). White
dot lines demarcate the MB calyx and LH. Note that the hthP2 and hthP1-K6-1 clones showed aberrant arborization in LH (yellow arrows in H, I). On the other hand, most hthP2 and
hthP1-K6-1 DL1 single-cell clones retained normal axonal routing via the MB calyx. (J-L) Quantiﬁcation of axonal phenotypes of DL1 single-cell clones. Number of samples is shown in
the bar. (J) Routing on theMB calyx. (K) Number of boutons on theMB calyx. (L) Number of branches in the LH. Note the increased branch number of hthP2 (12.9±1.5) and hthP1-K6-1
(14.5±1.3) as compared to the wild type (8.0±0.3). *pb0.05 and ***pb0.001 by Student's t-test. (M, N) Axonal targeting phenotypes of wild-type (M) or hthP1-K6-1 (N) DA1 single-
cell clones. Clones were induced by heat shock at 24–48 h after larval hatch and labeled with UAS-mCD8::GFP driven byMZ19-GAL4. White dot lines demarcate the MB calyx and LH.
Note that the hthP1-K6-1 clone shows a reduction in the number of boutons on the MB calyx (yellow arrowhead in N) and an increase in branch length in LH (yellow arrow in N). On
the other hand, most hthP1-K6-1 DA1 single-cell clones retained normal axonal routing via the MB calyx. (O–Q) Quantiﬁcation of axonal phenotypes of DA1 single-cell clones. Number
of samples is shown in the bar. (O) Axonal routing on theMB calyx. (P) Number of boutons on the MB calyx. Note that hthP1-K6-1 clones show a reduction in the number of boutons on
theMB calyx (2.36±2.1), as compared to thewild type (3.40±0.3). (Q)Maximum branch length in the LH. As an indicator of LH branching patterns, the longest terminal branchwas
measured for each clone. hthP1-K6-1 clones show a signiﬁcant increase in maximum branch length (50.8±8.3), as compared to the wild type (26.2±3.3). *pb0.05 and ***pb0.001 by
Student's t-test. Scale bar, 50 μm.
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study, we have shown that two of the evolutionary conserved TALE-
class homeodomain transcription factors, Hth and Exd, have impor-
tant functions in the development of Drosophila olfactory PNs.
hth and exd control the development of AL-PNs
In addition to the regulatory functions as homeotic cofactors, hth
and exd have important functions in the determination of the
developmental identity of the antennal segment (Casares and Mann,
1998; Dong et al., 2000, 2002; Mann et al., 2009); removing the
function of exd or hth transforms the antenna into leg-like structures,
and ectopic expression of hth can trigger antennal development
elsewhere in the ﬂy. In addition, the activities of hth and exd are
required for the development of the embryonic axonal tracts that
pioneer the projections between the deutocerebrum and the dorsal
parts of the protocerebrum (Nagao et al., 2000). Consequently, loss of
hth or exd results in marked perturbations of the axonal scaffolds in
the developing brain (Nagao et al., 2000).
In this study, we have shown that Hth is expressed in many of the
AL neurons including local interneurons and PNs. Hth and Exd are
coexpressed not only in postmitotic neurons but also in the
progenitors of the anterodorsal and lateral AL lineages. Loss of either
hth or exd causes loss of the lateral lineage, in which hth plays an
essential role in suppression of apoptosis. Moreover, we have shown
that hth and exd are required for precise dendritic and axonal
targeting of olfactory PNs. Mutations of hth result in profoundtargeting defects in many of the on-target glomeruli such as VA1lm,
VA3 and D. They also cause ectopic innervation in many of the off-
target glomeruli (Figs. 2 and 3). The dendritic defect of exd1 mutation
is reminiscent of the phenotype of hth mutations, with reduced
number of GH146-expressing cells yet exhibiting selective ectopic
innervation in the off-target DA1 glomeruli (Fig. 6). The functional
importance of hth and exd was further conﬁrmed in post-mitotic
neurons by the analyses of single-cell clones of the anterodorsal DL1
and the lateral DA1 neurons. Apart from dendritic defects, hth and exd
mutations cause severe axonal defasciculation, misrouting and
aberrant ventrolateral extensions. As with hth mutant clones, exd
mutant clones exhibit an increase in the numbers of the LH terminal
branches. Moreover, we have shown that coexpression of Hth and Exd
is essential for efﬁcient expression of either protein in the olfactory
PNs, recapitulating the interdependence of the expression of the two
proteins in the embryonic brain (Nagao et al., 2000). These results
suggest that exd and hth could positively regulate each other
expression in the olfactory PNs. Alternatively, stability of Hth and
Exd in the olfactory PNs could depend on the interaction of the two
proteins as suggested in the antennal and leg discs (Abu-Shaar and
Mann, 1998; Casares and Mann, 1998; Dong et al., 2000, 2002; Mann
et al., 2009; Stevens and Mann, 2007).
Dendritic phenotypes of hth, acj6, and lola mutants
Although Hth is co-expressed with Acj6 and Lola in both
developing and adult ad-PNs, loss of hth function fails to alter Acj6
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abolishes Hth expression. In agreement with independent regula-
tory mechanisms, the dendritic phenotype of hth PNs diverges from
the phenotypes of either acj6 or lola mutant PN clones. Thus, in
contrast to the severe innervation defects in VA1lm, VA3, and D of
the hth mutant clones (Fig. 2), acj66 mutant clones show only mild
defects for VA1lm and D (Komiyama et al., 2003), and only VA3 is
severely affected (Komiyama et al., 2003). Similar differences can
be noted for single-cell clones, in which hth but not acj6 mutant
clones exhibit complete switching of DL1 speciﬁcity (Fig. 3)
(Komiyama et al., 2003).
With partial commonality with hth mutant PNs, lola mutant PNs
exhibit severe defects in multiple glomeruli (Spletter et al., 2007).
Nonetheless, lola and hthmutant clones exhibit different degree and
spectra of glomerular mistargeting. While both hthP2 and hthP1-K6-1
ad-NB clones fail to innervate the VA1lm glomerulus (Fig. 2), most
of the lola ad-NB clones completely innervate VA1lm (Spletter et al.,
2007). In addition, only 23% of the lola single-cell clones lack
dendritic innervation in DL1 (Spletter et al., 2007) while the
majority of the hth single-cell clones fails to innervate the correct
target (Fig. 3). It is also noteworthy that, unlike the mutations of hth
or exd, loss of the lola activity dose not eliminate the lateral PN
lineage (Spletter et al., 2007). In addition to these LOF phenotypes,
GOF mistargeting phenotypes are also different between hth, acj6,and lola mutations (Fig. S4) (Komiyama et al., 2003; Spletter et al.,
2007). Similar differences in dendritic phenotypes can be noted with
mutations of other transcription factors that have been shown to be
involved in PN speciﬁcation (Komiyama and Luo, 2007; Tea et al.,
2010). These results are thus consistentwith the notion that different
transcription factors control the targeting speciﬁcity of olfactory PNs
via distinct intrinsic programs that regulate diverse repertoires of
downstream genes, even though they are coexpressed during
development.Molecular functions of Hth and Exd in olfactory PN speciﬁcation
In the development of vertebrate spinal motor neurons, home-
odomain transcription factors play important roles in the generation
and determination of diverse neuronal subtypes (Dasen and Jessell,
2009; Dasen et al., 2005). In particular, Hox proteins act as central
mediators of the intrinsic programs that shape motor neuron subtype
identity and target muscle speciﬁcity (Dasen and Jessell, 2009). Hox
proteins not only inﬂuence the identity of motor neuron columns but
also control the initial speciﬁcity of motor axon projections via speciﬁc
transcriptional cascades that determine the expression proﬁles of the
cell surface guidance receptors such as Eph family proteins.
Combinatorial expression of Hox proteins and a cofactor, Meis 1, the
135M. Ando et al. / Developmental Biology 358 (2011) 122–136vertebrate homolog of Hth, determine the speciﬁcity of the motor
neuron pool subtypes (Dasen et al., 2005).
The result that Hth and Exd are expressed in many of the
Drosophila AL neurons suggests that Hth and Exd are unlikely
candidates as lineage speciﬁc or cell-type speciﬁc regulators by
themselves. Rather, it is more likely that these TALE-class home-
odomain transcription factors control the identity of the AL
neuromere in collaboration with other transcription factors that
regulate the wiring speciﬁcity of individual neurons. In the
development of antenna, hth and exd genetically interact with
Distalless, which encodes another homeodomain transcription
factor (Casares and Mann, 1998; Dong et al., 2000, 2002). Although
Distalless is expressed in the antennal olfactory neurons that
innervate the AL glomeruli, it is expressed neither in the olfactory
PNs nor in the local interneurons (M. A., Y. T and K. F. T.,
unpublished observation). Unlike the more posterior parts of the
central nervous system, none of the homeotic proteins are
expressed in the Drosophila deuto- and protocerebrum neuromeres
except for Probosipedia that is expressed in a small number of cells
at the posterior deutocerebrum (Hirth et al., 1995, 1998). On the
other hand, studies on the embryonic brain have shown that Ems
plays an essential role in the development of the deutocerebrum
primordia that give rise to the ALs (Hirth et al., 1995; Younossi-
Hartenstein et al., 1997). In addition, the activity of ems is required
for the generation of the lateral PNs and for precise dendritic
targeting of the ad-PNs (Lichtneckert et al., 2008). Intriguingly, the
amino acid sequence Tyr-Pro-Trp, located in the immediate
upstream of the Ems homeodomain, partially matches the YPWM
motif of the homeotic proteins that are bound by Exd/Pbx proteins
(Mann and Affolter, 1998; Mann et al., 2009). Although our data
demonstrate that Ems expression is independent of the hth activity,
the phenotypic commonality that both hth and ems are required for
the generation of the lateral but not the ad-PNs suggests a
cooperative interaction of the Hth, Exd and Ems proteins in the
regulation of down stream programs that regulate the proliferation
of the lateral progenitors. In addition, Hth and Exd could
cooperatively function with non-homeodomain transcription fac-
tors in the AL neurons as demonstrated by the ternary interaction
between the Pbx1, Meis1 and MyoD proteins on the downstream
target genes that regulate myogenic differentiation (Berkes et al.,
2004).
Hth/Exd functions in the vertebrate brain
Four Exd-related proteins (Pbx1, Pbx2, Pbx3, and Pbx4) and ﬁve
Hth-related proteins (Meis1, Meis2, Meis3, Prep1 and Prep2) are
found in vertebrates. Mutations of the Pbx/Meis genes cause
homeotic transformations in the hindbrain, mimicking the LOF
phenotypes of the Hox genes expressed in the anterior neuromeres
(Moens and Selleri, 2006). In addition, as with the Drosophila
homologs (Nagao et al., 2000; this study), these vertebrate TALE-
class homeodomain proteins are expressed in more anterior brain
structures during development. In the mouse brain, Meis1/2 and
Pbx1/2/3 are expressed in the developing telencephalon (Toresson
et al., 2000), and Meis2 and Pbx1/2 are expressed in the entire
dorsal mesencephalon, regulating the expression of the cell-surface
EphA8 receptor to a speciﬁc subset of cells (Shim et al., 2007). In
zebraﬁsh development, Pbx4 functionally interacts with Engrailed to
pattern the midbrain–hindbrain and diencephalic–mesencephalic
boundaries (Erickson et al., 2007). Moreover, Pbx3 and Meis1 are
coexpressed with Rnx, an orphan Hox protein, in the ventral
medullary respiratory center to regulate the development and/or
functions of inspiratory neurons (Rhee et al., 2004). Given the cross-
phylum commonality in the glomerular organization and neuronal
connectivity between the Drosophila and vertebrate olfactory
systems (Masse et al., 2009; Vosshall and Stocker, 2007), it wouldbe important to determine the functional signiﬁcance of the TALE-
class homeodomain transcription factors in the control of the cell
type speciﬁcity in the vertebrate brain.
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